Bone healing is a unique regenerative process comprising inflammation, mesenchymal cell condensation, chondrogenesis, angiogenesis, and osteogenesis. [1] [2] [3] [4] [5] Because bone is highly vascularized, angiogenesis plays an extremely important role in bone formation during both bone development and fracture healing. [6, 7] Previous studies have demonstrated that the angiogenic and osteogenic factors associated with the proteins of vascular endothelial growth factor (VEGF) and cysteine-rich 61 (CYR61) are involved in the process of fracture healing, [6] [7] [8] [9] and that reduced vascularity at the fracture site is one of the most significant risk factors for delayed fracture healing. [3] Sildenafil and tadalafil are inhibitors of the enzyme phosphodiesterase-5 (PDE5). Phosphodiesterase enzymes are widely distributed throughout the body and have numerous effects and functions. Phosphodiesterase-5 inhibitors are beneficial in the treatment of erectile dysfunction, lower urinary tract symptoms caused by benign prostatic hyperplasia, chronic heart failure, pulmonary hypertension, essential hypertension, and ischemia. [10] Recently, sildenafil has been reported to accelerate fracture healing and bone defect recovery. [11, 12] The beneficial effect of PDE5 inhibitors on bone healing is thought to be related to their effect on increasing nitric oxide synthase enzymes and CYR61 in healing fracture tissue. [12, 13] Tadalafil offers a longer plasma half-life and better bioavailability compared with sildenafil, [14] thus it may be more practical for daily usage. In this study, we aimed to investigate whether tadalafil accelerates fracture healing with an efficiency equal to that of sildenafil.
MATERIALS AND METHODS
This experimental study was conducted in the experimental research and histology laboratories between November 2013 and May 2014 following approval by the Ethics Committee of Ankara Training and Research Hospital (No. 17.12.2013/1). The procedures followed were in accordance with animal rights (Guide for the care and use of laboratory animals. www.nap.edu/catalog/5140. html). Forty-eight male Wistar albino rats (mean age 13 weeks; range 12 to 14 weeks) with a mean body weight of 340 g (range 295 to 352 g) were randomly divided into the following three groups: 16 received 0.5 mL physiologic saline (control group), 16 received 5 mg/kg sildenafil (Viagra, 1 mg/d; Pfizer, NY, IN, USA) (equivalent to 50 mg adult human dose), and 16 received 1 mg/kg tadalafil (Cialis; Eli Lilly, Indianapolis, USA) (equivalent to 10 mg adult human dose). Sildenafil and tadalafil were dissolved in saline and administered orally by gavage using a stomach tube. Treatment was started on the day of surgery and repeated at the same time daily until the day that the rats were euthanized. After two and five weeks, eight rats from each group were euthanized and bone healing was assessed.
After an adaptation period of five days, the rats fasted for three hours before surgery. Rats were placed in supine position after general anesthesia (ketamine, 50 mg/kg, intraperitoneally). Under sterile conditions, a 5 mm medial parapatellar incision was made at the left knee to dislocate the patella laterally. After drilling a 0.5 mm diameter hole into the intracondylar notch, a 0.4 mm diameter injection needle was drilled into the intramedullary canal. Subsequently, a 1.0 mm diameter Kirschner wire was threaded into the intramedullary canal and in order to constitute standard closed fracture after surgery, the guillotine method defined by Bonnares and Einhorn [15] was used. Producing a closed fracture in our experimental study provided the advantage of no loss of fracture hematoma from the fracture site. The same surgeon performed all the surgeries. Fracture and wire implant positions were confirmed on radiography ( Figure 1a, d and g ). The animals were permitted full-weight bearing and unrestricted movement after surgery. No antibiotics were administered pre-or postoperatively.
Plain radiography is commonly used for monitoring fracture healing. On the first day after surgery, ventrodorsal radiographs of all rats were obtained. At two weeks, 24 rats (eight from each group) were re-anesthetized and ventrodorsal radiographs of the healed femur were obtained. The same procedure was performed at five weeks using the remaining rats. Fracture healing was analyzed according to the classification recommended by Goldberg et al. [16] stage 0, radiographic nonunion; stage 1, possible union; and stage 2, radiographic union.
After two and five weeks, 24 rats (eight from each group) were euthanized by an excessive dose of pentobarbital sodium (100 mg/kg, intraperitoneally). The left femur were resected and freed from the soft tissue, and placed in 10% phosphate-buffered formalin (pH, 7.0) at room temperature for fixation. Samples were decalcified by immersion in De Castro solution, rinsed in buffer, and dehydrated in a graded ethanol series before embedding in paraffin. Five-micrometer-thick longitudinal serial sections were cut by using a rotary microtome (Microm, Germany). Sections were stained with hematoxylin and eosin and Masson's trichrome, and were evaluated for fracture healing and new bone formation by using a Leica DMR microscope (Leica, Microsystems CMS GmbH, Mannheim, Germany). Quantitative analysis of serial sections of the fracture area was carried out by using the Leica QWin Plus and Leica Application Suite (LAS) computer image analysis system according to suggestions provided by Gerstenfeld et al. [17] Total callus area consisting of bone (osseous tissue), cartilage, and fibrous callus was noted. Ratios of osseous callus area to total callus area and of cartilaginous callus area to total callus area were calculated. The ratio of callus diameter to femoral bone diameter (cortical width plus marrow diameter) was also measured. Additionally, semiquantitative scoring was used to assess the quality of fracture bridging. [11] 
Statistical analysis
The statistical data were analyzed using Statistical Package for the Social Sciences (SPSS, Chicago, IL, USA) version 13.0 for Windows. All values were expressed as mean ± standard deviation. The normality of the distribution and the homogeneity of the variances of the sample were established by using the Shapiro-Wilk test. Fracture healing parameters were analyzed by using nonparametric tests (the Kruskal-Wallis test for multiple comparisons and the
Mann-Whitney U test with Bonferroni correction as a post hoc test). Spearman test was used in order to
analyze correlation between radiology and histology. Descriptive statistical values were expressed as median, minimum, and maximum. Differences were considered significant when p was <0.05.
RESULTS
At two weeks, radiologic score of tadalafil group was higher than the sildenafil treated group, while the sildenafil and tadalafil groups both had higher radiographic scores than the control group (p<0.05) (Figure 1b , e, and h). There was no statistically significant difference between radiologic scores of groups fifth week (p>0.05) (Figure 1c , f, and i). Radiographic and histomorphometric data did not show significant correlation in two and five weeks unless the cartilage volume and the total radiologic score of saline group at second week (r=0.866, p=0.005).
The sildenafil and tadalafil treated groups exhibited smaller callus diameter at the second week comparing to control (saline) group but the difference was not statistically significant (p>0.05) (Figure 2 ). Callus diameter was significantly smaller in tadalafil treated group when compared to that of the control group in five weeks (p=0.009) (Figure 3 ). Tadalafil 2w
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Sildenafil 5w Sildenafil 5w * treatment significantly accelerated osseous tissue formation in 2 and 5 weeks comparing to control (p=0.027, p=0.001 and, p=0.001 respectively). There was no statistically significant difference between sildenafil and tadalafil groups regarding the callus size, cartilage and osseous callus percentage, and the qualitative bridging scores at 2 and 5 weeks. (p>0.05).
DISCUSSION
In the present study, we tested the hypothesis that tadalafil accelerates fracture healing as well as sildenafil in a murine model. The data from our experiment confirmed this hypothesis. We demonstrated that both tadalafil and sildenafil enhanced bone healing by accelerating osseous fracture bridging. The reduced callus area with a decreased amount of cartilaginous tissue, compared with the control group, further supports that both tadalafil and sildenafil can accelerate the fracture healing process.
Fracture healing is a complex immune process as a component of the response to injury, which is influenced by a variety of local and systemic factors, such as type of bond, extent of injury to the bone and surrounding tissue, fixation, contribution of vascular tissue, age, nutrition, and presence of systemic disease. [18, 19] Angiogenic processes play a crucial role in the very early stages of fracture healing, affecting both endochondral and intramembranous pathways of osteogenesis. [20] [21] [22] Hausman et al. [23] reported that antiangiogenic agents severely impair fracture healing by causing defective granulation tissue, absence of cartilage differentiation, and endochondral ossification. VEGF activity is essential for normal angiogenesis as well as appropriate callus architecture and mineralization in response to bone injury. It was demonstrated that sildenafil induced VEGF expression in human coronary arteriolar endothelial cells as an angiogenic response; [23] however, the same effect was not observed in fracture healing by Histing et al. [11] Their results might have been due to the time when analysis was performed. Local levels of endogenous VEGF peak at five days and decrease toward normal levels at day 10 after fracture [24] or bony injury. [25] However, analysis of Histing et al. [11] occurred on day 14 after fracture.
Phosphodiesterases-5 are a family of enzymes that selectively catalyze the hydrolysis of 3'-or 3',5'-cyclic phosphate bonds in adenosine and/or guanosine (cyclic adenosine monophosphate and/ or cyclic guanosine monophosphate [cGMP]). They regulate the cellular levels as well as the localization and duration of action of these cyclic nucleotide second messengers by controlling their degradation. There are 11 different subtypes of the PDE family (PDE1 to PDE11), each owning a specific tissue distribution. These enzymes are involved in many signal transduction pathways, and one of their functions is vascular smooth muscle proliferation and contraction. [26] One isoform of PDE5 is PDE5A3, which is specific to smooth muscle. Nitric oxide (NO) is a highly reactive free radical that plays a critical role in vascular homeostasis: it regulates vascular tone by increasing cGMP levels and stimulating cGMP-dependent protein kinases. Intracellular levels of cGMP can be increased by NO or by inhibiting the breakdown through PDEs. [27] The release of NO induces dilation of the blood via accumulation of cGMP. Sildenafil and tadalafil are inhibitors of PDE5 and decrease the breakdown of cGMP, leading to enhancement of the vasodilatory effect of NO. [26] Nitric oxide is involved in inflammation, arthritis, and fracture repair. [28] During the bone healing process, endothelial cells, smooth muscle cells, neutrophils, recruited macrophage/histiocyte-type cells, and chondrocytes in the surrounding tissue become a source for NO. [28] Studies have shown that PDE5 is located in vascular pulmonary and visceral smooth muscle as well as skeletal muscle. [29] Thus, it has been hypothesized that PDE5 inhibitors can increase blood flow via a NO pathway in fractured bone. However, although they confirmed acceleration of fracture healing by sildenafil, Histing et al. [11] also found that endothelial nitric oxide synthase (eNOS) levels were decreased to 50% at day 14 after fracture. Corbett et al. [28] defined that two types of NOS are accompanied in fracture repair, in an inverse manner. Expression of eNOS is increased in cortical blood vessels and osteocytes, while localized principally in endosteal osteoblasts, and is seen in chondroblasts. In the early phase of fracture repair (day one after fracture), significantly elevated eNOS activity is observed with accompanying low activity of inducible nitric oxide synthase (iNOS). In the second week of fracture repair, the balance is reversed in favor of iNOS. [28] The decreased eNOS levels in Histing et al.'s [11] study may be based on the acceleration of fracture healing by sildenafil. Future studies analyzing both isotypes of NOS simultaneously may clarify the eNOS/iNOS dilemma associated with PDE5 inhibitor treatment of fractures.
On the other hand, sildenafil has been shown to affect expression of CYR61 -a growth factor inducible immediate early gene that has a role in cell proliferation and differentiation as well as extracellular matrix synthesis-in healing fractured tissue. [11] CYR61 is upregulated in fracture callus, [9] which stimulates endothelial cell migration and promotes osteoblast proliferation, differentiation, and cell adhesion. [30] Lienau et al. [9] concluded that reduced CYR61 expression in cartilage leads to less effective or suboptimal chondrocyte differentiation, resulting in longer persistence of cartilage in the callus and delayed healing. Also CYR61 has a role in promoting osteoblast proliferation and differentiation, [30, 31] and inhibits bone resorbing osteoclasts. [32] Thus, the CYR61-promoting effect of sildenafil may accelerate cartilage resorption, promote osteoblast proliferation and differentiation, and inhibit osteoclast activity, all of which lead to fracture healing.
In the present study, fracture healing was studied after two and five weeks, as recommended by Histing et al. [11] Making assessments at two different times helps to evaluate the bone healing process during the period of high activity within the callus, and to exclude the adverse effects of the PDE5 inhibitors, which may compromise definitive healing. In their study, Histing et al. [11] showed that sildenafil accelerated fracture healing at two weeks, but, at the end of five weeks, the results were similar to those of the control group. In our study, the tadalafil and sildenafil groups had better histologic and histomorphometric scores compared with the control group at both two and five weeks. More studies should be conducted to elucidate whether these drugs only accelerate healing or whether they also promote better fracture healing.
This study compared the two currently licensed PDE5 inhibitors, which had similar results regarding bone healing acceleration. However, these PDE5 inhibitors also have some dissimilarities. Tadalafil has a longer half-life than sildenafil (17.5 hours versus 4 hours), which permits single daily dosing, and, unlike sildenafil, tadalafil absorption is unaffected by food or alcohol consumption. [14, 33] Tadalafil metabolism in the geriatric population and in patients with mild to moderate hepatic impairment is similar to that in the general population, [34, 35] whereas the metabolism of sildenafil is altered in these subgroups. [36] Finally, the PDE5 selectivity of tadalafil is higher than that of sildenafil, which results in a better adverse effect profile.
[37]
In conclusion we demonstrated that tadalafil accelerates fracture healing by enhancing osseous tissue formation similar to sildenafil. Considering its similar effect on bone healing, tadalafil may be more attractive for patients and clinicians.
